Disconnected piled raft (DPR) foundations have been widely adopted as an effective foundation system where the piles are separated from the raft by a granular layer, which can limit the shear forces and moments transmitted between the raft and the piles. us, DPR foundations may avoid the problem of horizontal forces, such as those from an earthquake or dynamic loads, which damage the structural connection between the pile head and raft. A series of static horizontal loading tests were carried out on three types of foundation models, i.e., piled raft, disconnected piled raft, and raft alone models, on fine sand using a geotechnical model in a 1 g field. In this paper, the influences of vertical loading and interposed layer thickness were presented and discussed. e results showed that most of the horizontal force was carried by raft/interposed layer friction in the DPR foundation type, and the shear force and moment of the piles were greatly reduced due to the gap between the raft and the heads of the piles. e tested foundations were simulated using a simplified method with theoretical equations derived by making several approximations and assumptions. e simulated results agreed well with the test results.
Introduction
In situations where a raft foundation alone does not satisfy the design requirements, it may be possible to enhance the performance of a raft by adding piles, producing what is called a piled raft [1] [2] [3] . In seismically active zones, if the piles are structurally connected to the raft, high lateral shear forces and moments may develop at the connection between the piles and raft due to cyclic or dynamic horizontal loads. Meanwhile, the bearing capacity of the pile may be governed by their structural capacity rather than by their geotechnical capacity.
erefore, the concept of a disconnected piled raft has been discussed, where the piles are separated from the raft with an interposed granular load distribution layer [4, 5] . In such a foundation, the interposed layer prohibits loads that result from the superstructure in a direct manner, the disconnected piles are regarded as the ground reinforcement rather than pure structural members, and the factor of safety against structural failure can be significantly reduced. In addition, the disconnected piled raft avoids the problem of horizontal forces, such as those from earthquakes or dynamic loads, that can damage the structural connection between the pile head and raft since such forces can normally be resisted by the friction mobilized along the granular layer/raft contact, as shown in Figure 1 .
Compared with the concept of piled raft foundations with connected piles, the disconnected piled raft alternative has been much less investigated. Some guidance was given by [4] . An analytical design method has been developed in the French research programme ASIRI. In addition, some piled footing projects have employed disconnected piled rafts. Among others, the Rion-Antirion Bridge in Greece [6, 7] and the ICEDA nuclear waste storage facility [8] were founded on clay reinforcement by settlement-reducing piles with an interposed granular load distribution layer, which can limit the shear forces and moments transmitted between the raft and the subsoil. However, the behaviour of the DPR under a seismic load has not been well clarified, which is partly due to the uncertainty in the complicated behaviour of the disconnected piled raft when it is subjected to seismic and lateral loads.
To clarify the complicated behaviours of the disconnected piled raft, understanding the observed data under seismic and lateral loading is crucial. However, when comparing the studies of vertically loaded disconnected piled rafts, research on the behaviour of laterally loaded DPRs is relatively limited. Fatahi et al. [9, 10] found that the cushion could modify the dynamic structural characteristics and the load transfer mechanism and proved the seismic performance of the DPR foundation system using numerical software FLAC3D. In particular, the eld data on disconnected piled raft foundations subjected to seismic and lateral loading are very limited.
e behaviours of piled raft foundations recorded at the Paci c coast during the Tohoku earthquake [11] and the 2015 Nepal earthquake [12] are very rare case records. It was found that there was little change in the foundation settlement and the load sharing between the raft and the piles before and after the earthquake. But the horizontal accelerations of the superstructure were reduced to approximately 30% of those of the ground near the ground surface by the input losses due to the kinematic soilfoundation interaction in addition to the base isolation system [11] .
Since it is di cult to record the actual eld data of the piled raft foundation during an earthquake, physical models can play an important role in the study of connected or disconnected piled raft foundations under seismic or horizontal loading. Table 1 summarizes the research on piled raft models subjected to a static lateral load. A series of horizontal loading tests on piled raft models was conducted by [20] ; in which a horizontal load was applied to the connected piled raft to discuss the pile bending moment and the shear force of the raft. Hamada et al. [13, 14] carried out static cyclic lateral loading tests on large-scale piled raft foundations and found that most of the lateral force was carried by raft friction when there was large contact earth pressure beneath the raft, and piles experienced pulling forces from the raft, behaving like anchors at large deformations. Sawada et al. [15] carried out a series of static horizontal loading tests by using a geotechnical centrifuge and found that the horizontal resistance of the pile part in the piled raft is higher than those observed in the pile group due to the raft base contact pressure. In their study, the piles were rigidly xed to the raft.
In the above research, the in uences of the connection between the pile head and raft were not considered.
Matsumoto et al. [17, 18] carried out static and dynamic horizontal loading tests on a connected model piled raft to prove that the resonant frequency of superstructure decreases when the connection between the raft and the piles is hinged. Horikoshi et al. [19, 21] found that the horizontal sti ness of the piled raft with the hinged pile head connection was smaller than that of the piled raft with the rigid pile head connection, and the inclination of the piled raft during shaking was much smaller than that of the pile group due to the contribution of the soil resistance beneath the raft. Nakai et al. [16] focused on the connection conditions between the raft and piles subjected to dynamic loads by performing a centrifuge mode test and found that the dynamic response of a structure was reduced considerably by disconnecting the raft and pile. However, the detailed behaviour of disconnected piled raft foundations subjected to horizontal loads has yet to be clari ed. is lack of clarication is partially because disconnected piled raft foundations are considered a raft foundation in the current design practice. Since the behaviour of a disconnected piled raft foundation subjected to horizontal or dynamic loads is considered fairly complex due to the interaction mechanisms among the raft, the granular layer, piles, and soil, the design procedure should include the e ect of these mechanisms in an appropriate manner.
is paper examines the horizontal resistance of disconnected piled rafts. A series of static horizontal loading tests were conducted for a disconnected piled raft foundation to investigate the in uence of vertical loading and the interposed layer thickness on the sectional forces on the piles. e most important issues in developing a seismic design concept for disconnected piled rafts are evaluating the sectional force on the piles and the lateral bearing capacity of the raft.
Horizontal Loading Tests
Static horizontal loading tests of raft foundations, piled raft foundations, and disconnected piled raft foundations were conducted in a 1 g eld.
Testing Devices and Measuring Devices.
e tests were conducted using a container indoors. e test arrangement for the disconnected piled raft foundation is shown in Figure 2 .
e container was 1.5 m long, 1.5 m wide, and 1.2 m high, and a piece of 20 mm thick transparent tempered glass existed on the front of the container, while the remaining four sides consisted of 10 mm thick steel plates.
e horizontal load was applied using a xed pulley device with a counterweight. e vertical load of the raft was applied by a jack over a tailor-made loading platform with steel balls to ensure that the raft was free to slide horizontally, and the footing was restrained from a rigid frame. To overcome the rigid ferrule e ect on the soil container walls on soil, 25 mm thick foamed plastic was placed on the inner wall of the container to remove the soil level limit. During the test process, a layer of lubricating oil was applied to the inner wall of the tempered glass to reduce the friction between the test soil, half piles, and the box wall. e test device is mainly composed of a soil container, loading device, and measuring system. e measuring system consists of strain gauges, load cells, a data acquisition instrument, a linear displacement transducer (LDT), and a digital camera. e axial loads and bending moments on the piles were measured using strain gauges. Earth pressures beneath the raft and on top of the piles were measured using earth pressure cells. Figure 2 shows the test setup including the model piled raft, model ground, and loading apparatus. Figure 3 shows the setup of the model piles prior to preparing the model ground and footing.
Test Model Overview.
e footing consisted of a high-strength steel plate that was 0.3 m long (B r ), 0.3 m wide, and 0.05 m deep placed on 9 piles including 3 half piles reinforced in the ground for disconnected piled raft foundations. e elasticity modulus of the raft footing was 3.2×10 5 MPa and can be considered as rigid because the raft-soil stiffness ratio is sufficiently high. e piles were disconnected from the steel footing. e piles were made from an aluminium pipe with a 20 mm outer diameter, 0.8 mm-thick wall, Young's modulus of 60000 MPa, and a second moment of area of 1.7×10 −9 m 4 . e piles were made not to be rigid and were 0.4 m long, which was longer than the footing width. e external layers of the piles and raft were specially treated via mechanical turning to ensure that the relative roughness of the pile-soil and raft-soil was greater than 0.1 so that the ultimate shear resistance did not depend on the raft surface roughness [22] . Both the length and the materials of the piles were selected based on the stiffness of the model sand. Strain gauges were attached inside the pile to measure the axial load along the pile. Pairs of shear strain gauges were attached to the opposite sides of the outer surface of each pile, which were wrapped by a silicone package to measure the bending moment and shear force. e half piles were affixed to the inside of the tempered glass as needed to take digital photographs, while piles P1, P2, P3, and P4 were regarded as the test piles.
Model Ground.
e test soil samples are dry fine sand with 0.075-0.25 m size particles, and the interposed granular layer adopts gravel sand with a particle size between 0.5 mm and 5 mm. e particle size distributions of the soil samples and interposed layer are shown in Figure 4 , and the physical properties of the model sand are summarized in Table 2 . e internal friction angle estimated from consolidated drained tests was 32 degrees at a relative density of 60%. When filling in the sand, dry fine sand was poured in 10 cm thick layers into the container from a height of 2.2 m above the model ground surface.
e sand weight from each layer can be calculated from the sand density and the volume of each layer. Stratified compaction was carried out until the soil reached the design height. e samples were not moved after laying the sand for 12 hours to ensure the consistency of the density under the pressure of gravity.
Test Series.
e test cases were conducted in the order listed in Table 3 . e piles were penetrated at a rate of 0.3 mm/s until the raft base reached the ground surface for the piled raft. With these installation processes, the piles in the piled raft and the disconnected piled raft foundations can be regarded as displacement piles. e test cases were focused on the thickness of the interposed layer and the vertical load to find the factors affecting the horizontal load transfer mechanism of the disconnected piled raft, while R1 and PR2 were used as reference tests. In the test, a vertical load was first exerted on the raft model, and a horizontal load was imposed later through the fixed pulley and counterweight after settling. In the trial test, when the vertical load applied on the raft was 800 N, the horizontal ultimate load of the raft reached 350 N; thus, the value of each loading step was taken as 50 N. For each loading stage, the static load was kept constant for 10 mins, and then data including the raft horizontal displacement record, the strain data of the pile shaft, and the Earth pressure load were gathered. Digital photographs were taken to record the soil deformation observation points and the soil displacement field.
Test Results and Analysis
Piles P1, P2, P3, and P4 were selected as the test piles. By measuring the tensile strain ε + and the compressive strain ε − at each cross section of the pile shaft, the bending moments can be calculated by the following equation:
where M is the bending moment, E p is the elastic modulus of the pile, I p is the inertia moment of the pile section, b 0 is the [14] Vertical load Rigidly connected 700 58-82 R, SP, PR, PG Sawada et al. [15] Vertical load Rigidly connected 160 27 R, PR, PG Nakai et al. [16] Dynamic load Connected and disconnected 180 0-100 PG, PR, DPR Matsumoto et al. [17] [18] Vertical load Hinged and rigidly connected 170 9.6-42.8 PR Horikoshi et al. [19] Vertical load Hinged and rigidly connected 180 60 R, PR, SP Pastsakorn et al. [20] Vertical space between the tensile strain and compressive strain, and Δε ε + − ε − is the bending strain of the pile section. en, dividing the di erence between the two sectional moments by the distance between the two sections, the shear force of the piles can be obtained through the following equation:
where Q is the shear force of the piles and z is the depth of the pile section.
Raft Load-Displacement Curve.
To study the behaviour of disconnected piled raft foundations under a lateral load, analyses of the raft and piled raft under a lateral load were performed as references. e total vertical load was proportional to the maximum lateral load of the raft foundation, as shown in Figure 5 . e evaluated coe cient of friction was 0.44, calculated as the maximum horizontal load versus the vertical load in Figure 5 . Figure 6 shows the in uence of the vertical loads and interposed layer thickness on the lateral response of the DPR Advances in Civil Engineering foundations in sandy soil. It can be illustrated that the lateral capacity of the DPR is a ected by the presence of the vertical load but slightly a ected by the thickness of the interposed layer. However, the largest displacement distance of the raft increased with the thickness of the interpose layer in DPR foundations. Compared to the DPR foundation, the displacement distance was restrained in the raft of PR2 and DPR6 due to the rigid connection of the pile-raft and vertical load. Figure 7 illustrates the e ects of the interposed layer on the bending moments of the piles. e bending moments have similar distributions along the piles. However, compared to the piled raft foundation, the de ection and the maximum moment of the piles of the DPR foundations are lower by 56-82% than those in PR2 due to the interposed layer. Meanwhile, the bending moment decreases with an increase in the interposed layer thickness. Figure 8 examines the synergistic e ects of a horizontal force and a vertical load applied simultaneously on the raft foundation. ree di erent vertical loads of 400 N, 800 N, and 1600 N are considered in this gure. e e ect of the vertical load on the lateral responses of the pile is revealed in Figure 8 . Compared with the 400 N vertical load, when the load increases to 800 N and 1600 N, the bending moment rises approximately 70% and 166%, respectively, which means the bending moment, particularly within its upper part, increases with the vertical load. is increase is because the greater the vertical load is, the greater the contact pressure between the bottom of the raft and the soil is, leading to greater frictional and horizontal forces delivered to the soil. Figure 9 exhibits the pile shear force distribution considering the interposed layer thickness, where PR2 is a reference. It can be seen that the maximum pile shear force appears at the top of the pile and gradually decreases with an increase in the depth. At a distance of 140 mm from the pile top (about seven times that of the pile diameter), the pile shear force becomes 0; if the distance is larger than 140 mm, then the reverse shear force comes out, which is the result of the soil round pile resistance on the piles. When the interposed layer thicknesses are 20 mm and 40 mm, the maximum shear forces at the pile top are 5.6 N and 11.3 N, respectively. However, the maximum shear force at pile top in PR2 is 52.1 N, so we can get a conclusion that the shear force at the pile top can be reduced signi cantly by the interposed layer between the pile head and raft. Otherwise, the shear force at the pile top decreases with the thickness of the interposed layer. e e ect of the vertical load on the lateral responses of the pile shear force is revealed in Figure 10 .
Pile Bending Moment.

Pile Shear Force.
e results indicate that the shear force at the pile top increases with an increase in the vertical load. is law is consistent with the abovementioned law that the pile bending moment changes with vertical loading, as shown in Figure 8 .
Based on the e ect of the interposed layer thickness and the vertical load on the shear force at the pile top, as shown in Figure 11 , it can be seen that the shear force decreases with the thickness of the interposed layer, while the shear force increases with an increase in the vertical load. In other words, the interposed layer can adjust the horizontal load sharing between the pile and soil through the mobility of the soil particles and shear deformation.
Soil Displacement Field
e soil displacement process during the horizontal loading tests was captured by a high-resolution camera. e analysis grid could be superimposed onto the photographs. e Advances in Civil Engineering 5
images have a resolution of 7.9 pixels per millimetre. en, using MATLAB's toolbox for digital image correlation [23] , it is possible to track the movement of the soil and compute the strain eld that occurs in the soil mass. Figure 12 . To visualize the soil displacement more easily, colour changes are de ned in the colour bar. e interval for DPR6 was 0 < displacement value < 4.0. e unit of the coordinates is millimeter. During the initial loading, the displacement is mainly concentrated on the right region of the interposed layer, and there is a rather small displacement from the left side of the raft. With an increase in the horizontal load, the soil displacement eld from the right side of the raft also increases continuously. Afterwards, the displacement eld from the right region spreads along the lower right direction and forms a local displacement concentration area under the right side of raft, as shown in Figure 12(b) .
Horizontal Displacement Field. e soil displacement eld obtained from the digital image correlation (DIC) technique is shown in
Six characteristic particles (M1∼M6) from the bottom of the raft are tracked based on the soil displacement nephogram, and the horizontal displacement curve is shown in Figure 13 . In Figure 13 , the dotted line is the horizontal displacement of measuring points M4, M5, and M6 under di erent horizontal loads; the solid line is the horizontal displacement of measuring points M1, M2, and M3. It can be seen that the horizontal displacement decreases with the depth of the measuring points. Meanwhile, the horizontal displacement from the right side of the raft is larger than that from the middle position. Additionally, the larger the horizontal load is, the more obvious the di erence value is.
As the raft moves to the right, the soil from the left side, which was squeezed by the raft, losses the support from the raft blade and collapses, leading to the result that there exists a rather small horizontal displacement regarding the soil particles on the left side of the raft. In comparison, the soil particles on the right side of the raft experience were squeezed and displaced on the right, meaning that there exists a larger horizontal displacement for soil particles from the right bottom of the raft than that from the left bottom.
It is revealed that soil particles near the left side of the raft edge angle mainly generate a clockwise rotation, while those near the right side of the edge angle are rotated in the counterclockwise direction due to the pushing of raft, as shown in Figure 14 . ere exists an interface that connects the positive and negative corners in the particle movement system, where the particles rotate clockwise and counterclockwise alternatively and nally form a thorough soil shear zone. Figure 15 presents the soil shear band diagram of the DPR foundations under a horizontal load when the vertical load is 1600 N and the thickness of interposed layer is 40 mm. It can be found that when the horizontal load is small, a number of independent shear bands start to form on the right side of the raft but do not become scalable; thus, the interposed layer still has a certain stability. As the horizontal load increases, the shear and deformation elds continue to develop, producing local shear zones that nally interpenetrate with each other to form complete shear bands.
Soil Shear Failure Band.
Calculation Method of the Horizontal
Bearing Capacity for the DPR Foundations Figure 16 is the load path diagram of the DPR foundations under both vertical and horizontal loads. Subjected to both vertical and horizontal loads on the raft, the raft will rst transfer the load down to the interposed layer and the surrounding soil of the raft, and then later, the load will be passed to the pile and the soil between the piles.
Simpli ed Calculation Model.
According to the horizontal force transfer mechanism of DPR foundations, if the pressure distributed on the bottom of the raft is uniform and experiences vertical and horizontal load, then its horizontal bearing capacity is composed of the bearing capacity of the raft structure, the interposed layer, the interface between the raft and interposed layer, and the interface between the interposed layer and pile-soil ground.
e minimum horizontal bearing capacity in each part can exert control over the DPR foundations, which means the calculation method for horizontal bearing capacity of the DPR foundations can be listed as
where Q is the horizontal bearing capacity of the DPR foundations, Q R is the horizontal ultimate bearing capacity of the raft structure, Q I is the horizontal ultimate shear bearing capacity of the interposed layer, Q R−I is the horizontal bearing capacity of the interface between the raft and interposed layer, and Q Z is the horizontal bearing capacity of the interface between the interposed layer and pile-soil ground.
eoretical Analysis of Horizontal Bearing Capacity
(1) e horizontal ultimate bearing capacity of the raft structure is decided by its own strength. Because the raft in this test is an absolute rigid body, its bearing capacity is considered large. (2) Subjected to vertical and horizontal loads, the interposed layer appears as horizontal shear failure. Figure 17 shows the interposed layer cell form any points for analysis. e major and minor principal stress is
where σ 1 is the major principal stress, σ 3 is the minor principal stress, σ x is the x-stress, σ y is the y-stress, and τ x is the x-shear stress. e angle between the principal stress plane and the horizontal plane is
where α 0 is the angle between the principal stress plane and the horizontal plane. e angle between the failure surface and the major principal stress plane is
where θ f is the angle between the failure surface and the major principal stress plane and φ is the internal friction angle of the interposed layer. en, the angle between the failure surface and the horizontal plane is 
where θ is the angle between the failure surface and the horizontal plane and c is the cohesion of the soil. If shear failure occurs to the interposed layer, then
From Equations (3) and (7), the maximum horizontal shear stress can be listed as
where τ max is the maximum horizontal shear stress; c is the cohesion of the interposed layer; σ y is the vertical stress of the soil from the top of the interposed layer; and σ x (]/1 − ]) · σ y is the horizontal stress of the soil from the top of the interposed layer, in which ] is referred to as Poisson's ratio of the interposed layer. e horizontal ultimate shear bearing capacity of the interposed layer is
where S is the contact area of the raft with an interposed layer. (3) e horizontal bearing capacity at the interface between the raft and interposed layer is mainly the frictional force generated between the raft bottom and the interposed layer under the in uence of the horizontal sliding trend. Additionally, with passive earth pressure from the horizontal load direction, the Advances in Civil Engineeringcalculation method of the horizontal bearing capacity is
where μ R−I is the static friction coe cient between the raft and the interposed layer, c is the soil unit weight, P is the vertical load undertaken by the raft, W R is the weight of the raft, E p is the passive earth pressure, K p is the coe cient of the passive soil pressure, and H is the buried depth of the raft. (4) e bearing capacity of interface between the interposed layer and pile-soil ground mainly includes the horizontal bearing capacity between the interposed layer and pile head and the capacity at the interface between the interposed layer and pile-soil, of which the calculation method can be listed as
,
where Q P is the horizontal bearing capacity between the interposed layer and pile head, Q S is the horizontal bearing capacity between the interposed layer and soil, μ I−P is the static friction coe cient between the interposed layer and pile head, μ I−S tan((2/3) · ϕ) is the static friction coe cient between the interposed layer and soil (the external frictional angle is taken 1/2∼2/3 of the internal frictional angle based on the empirical value), φ is the soil internal friction angle, n is the pile-soil stress ratio, and m is the pile replacement ratio.
Comparison of the eoretical Calculation and Test Results.
e theoretical calculation method proposed in this paper is used to calculate the horizontal bearing capacity of the tests DPR4 and DPR6.
e calculated results were compared with the model test results to verify the applicability of the calculation method. e test parameters are listed as follows: self-weight of the raft, W R 167N; base area, S 0.09 m 2 ; buried depth of the raft, H 0.01 m; replacement rate, m 0.01; pile-soil stress ratio, n 3.56; static friction coe cient between the raft and the interposed layer, μ R−I � 0.42; static friction coefficient between the interposed layer and the pile head, μ I−P � 0.42; and the static friction coefficient between the interposed layer and soil, μ I−S � 0.39. Other parameters are shown in Table 3 . Table 4 presents the theoretical calculation results for the horizontal bearing capacity of the DPR foundations compared with the test data. It can be concluded from Table 4 that when the vertical load is 800 N, the DPR's horizontal bearing capacity is controlled by the bearing capacity of the interface between the raft and interposed layer. However, the bearing capacity of the DPR foundations is controlled by the interposed layer's horizontal bearing capacity when the vertical load is 1600 N, which is consistent with the conclusion that foundation failure occurs at the interposed layer in the model test, as shown in Figure 15 . When the thickness of the interposed layer is 40 mm, the vertical loads are 800 N and 1600 N, and the corresponding theoretical calculation results of the horizontal bearing capacity for the DPR foundations are Q � min(Q R , Q I , Q R−I , Q Z ) � 324 N and 483.7 N, respectively. Meanwhile, the measuring data in the model test are 350 N and 500 N with the relative error rates of 7.4% and 3.3%, respectively. In this sense, the calculation method put forward in this paper appears to be of some usefulness for theoretical calculations regarding the horizontal bearing capacities of DPR foundations.
Conclusions
In this paper, an experimental and theoretical study of the horizontal bearing capacity of DPR foundations was presented based on six laboratory tests. e focus of the study was on the thickness of the interposed layer and vertical load on the raft. e main conclusions of this study are as follows:
(1) Compared to the piled raft foundation, the deflection and the maximum moment of the pile of the DPR foundations are lower by 56-82% than those of PR2 due to the interposed layer. (2) e pile shear force decreases with the thickness of the interposed layer, while the force increases with an increase in the vertical load. In other words, the interposed layer can adjust the horizontal load sharing between the pile and soil through the mobility of soil particles and shear deformation. (3) e soil shear and deformation fields were reproduced by using the DIC technique. It was seen that a number of independent shear bands began to form on the right side of the raft but do not become scalable during the initiation of loading. en, the local shear zones finally interpenetrated with each other to form complete shear bands at the later stage of the loading. (4) A calculation method for horizontal bearing capacity of the DPR foundations was put forward, which is compared with the model test results to prove its correctness.
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